The electromigration-induced failure in the composite solder joints consisting of 97Pb-3Sn on the chip side and 37Pb-63Sn on the substrate side was studied. The under-bump metallization ͑UBM͒ on the chip side was 5 m thick electroplated Cu coated on sputtered TiW/Cu and on the substrate side was electroless Ni/Au. It was observed that failure occurred in joints in a downward electron flow ͑from chip to substrate͒, while those joints having the opposite current polarity showed only minor changes. During electromigration, in addition to the compositional change by the moving of Pb atoms in the same direction as the electrons, current crowding was observed inside the UBM and it enhanced the phase transformation of Cu to Cu 3 Sn and to Cu 6 Sn 5 at the UBM/solder interface. Due to the growth of Cu 6 Sn 5 , the Cu UBM was consumed rapidly, resulting in void formation-induced failure at the cathode side. The Cu 6 Sn 5 intermetallic compound and void were first initiated from the upper left-hand side corner of the contact window which matches the current crowding region. The sequence of Cu UBM consumption and void formation is presented. The current crowding has been confirmed by simulation. The mechanism of electromigration-induced failure in the composite solder joint structure is discussed.
I. INTRODUCTION
Flip chip technology with an areal array of solder joints is the trend of interconnecting chips to first level packaging because of its excellent electrical performance, small package size, and high input/output pin handling capability compared with the conventional wire bonding technology. As the performance and the function of electronic devices improve, the solder bump pitch and diameter are scaled down while the demand of carrying higher and higher current density is intensified. Therefore, the current density at the contact area of a solder joint increases very rapidly and electromigration has become a critical reliability issue, especially in high pin count and high power applications. For high-end devices, such as microprocessors, the solder joints were made by a combination of the high melting 97Pb-3Sn solder on the chip side and the low melting eutectic 37Pb-63Sn solder on the organic substrate side. 1, 2 The major advantage of using such a composite solder joint is that the low-temperature joining of the two solders is compatible with the organic substrates. However, very few published papers are available for electromigration in this composite solder, in comparison with those for eutectic PbSn-and Pb-free solders. [3] [4] [5] [6] [7] In this study, electromigration behavior of the composite solder of 97Pb-3Sn and 37Pb-63Sn, in a flip chip configuration, has been studied. The under-bump metallization ͑UBM͒ on the chip side consists of TiW/Cu/electroplated Cu and the bond pad on the substrate side is electroless Ni/Au.
The polarity effect of electromigration on intermetallic compound ͑IMC͒ formation and the failure mode of the solder joint were investigated. Also, the current crowding phenomenon was observed and simulated and its effect on the failure mechanism has been discussed.
II. EXPERIMENT
A schematic diagram of the cross section of samples used for electromigration testing is shown in Fig. 1 . The test chip with ball-shaped 97Pb-3Sn solder bumps was flipped over and assembled on the printed circuit board substrate with flattened 37Pb-63Sn solder bumps. The 97Pb-3Sn solder on the test chip was electroplated onto the sputtered TiW ͑0.2 m͒/Cu ͑0.4 m͒/ electroplated Cu ͑5 m͒ UBM and followed by a reflow at 380°C. The diameter of the solder bump was 130 m. On the PCB substrate, eutectic 37Pb-63Sn solder paste was stencil printed on the electroless Ni ͑5 m͒/Au ͑0.1 m͒ finished bonding pads and followed by a reflow at 220°C. The reflowed eutectic solder bumps were flattened prior to assembly process in order to provide planar receiving sites for the high-Pb on-chip bumps. 8 The thickness of the flattened eutectic solder bump is about 40 m.
The on-chip Al lines have a width of 50 m and thickness of 1 m. The opening diameter of the dielectric passivation and the solder mask was 50 m and 120 m, respectively. In the flip chip assembly, a water soluble flux was coated onto the flattened substrate solder bumps and the typical reflow condition of 37Pb-63Sn solder was applied with a peak temperature of 220°C and a dwell time of 90 s in During electromigration tests, the applied current was 0.5 A and the average current density at the 50 m diameter contact opening was 2.55ϫ10 4 A/cm 2 . In Fig. 1 , electrons entered from the cathode on the lower left-hand side of the substrate, went up the bump on the left-hand side, passed through the Al line on the Si chip, went down the bump on the right-hand side, and exited from the anode on the lower right-hand side of the substrate. In current stressing, the sample was placed on a hotplate kept at 140°C in an atmospheric ambient. The temperature on the topside of the chip during the test was monitored using a thermocouple. The temperature on the topside of the chip was increased rapidly from 140 to 155°C within 10 s after starting the test and was maintained between 150 and 155°C thereafter. We have taken 155°C as the testing temperature in our analysis.
To investigate the change of solder composition and IMC formation during the electromigration tests, solder bumps were cross sectioned before and after current stressing. Scanning electron microscopy ͑SEM͒, energy dispersive x-ray ͑EDX͒, and wave dispersive spectroscopy ͑WDS͒ were used to examine the morphology and composition in the bulk of solder bumps and the IMC layers at the interface between the UBM and solder. The current distribution in a twodimensional solder joint was simulated with the parameters listed in Table I .
III. RESULTS

A. Electromigration in the composite solder joint
Figures 2͑a͒-2͑c͒ are, respectively, SEM images of the cross sectioned solder bump before and after current stressing of 3 h and 20 h. As shown in Fig. 2͑a͒ , the on-chip 97Pb-3Sn solder at the top part and the 37Pb-63Sn solder on the substrate at the bottom part were joined. The bright color phase represents the Pb-rich phase, and the dark color phase the Sn-rich phase. The Pb atomic flux driven by electromigration can be recognized in Figs. 2͑b͒ and 2͑c͒ by the growth of the Pb-rich phase in these joints. The arrows marked by ''e'' indicate the direction of electron flow. In the case of electrons flowed from the substrate to the chip ͓the left-hand side bumps in Figs. 2͑b͒ and 2͑c͔͒, the Pb migrated toward the chip. The upper region of the solder bump consists of the bright color matrix alone while the lower region is composed of the dark color particles. In the opposite case when the electrons flowed from chip to substrate ͑the righthand side bumps in Figs. 2͑b͒ and 2͑c͔͒, the Pb migrated toward the substrate. For the solder bump after electromigration in the downward electron flow ͑from chip to substrate͒, the bulk of the solder bump shows one color. It means that Pb and Sn atoms distributed rather uniformly in the solder bump. In addition, the dissolution of Cu UBM was observed in the downward electron flow after 20 h in electromigration A set of magnified micrographs and elemental distribution of the solder bumps is shown in Fig. 3 . 9 Figure 3͑a͒ shows a pair of magnified cross-sectional SEM images ͑on the left-hand side͒ and the element WDS map of Sn ͑on the right-hand side͒ of the initial state of a solder bump before current stressing. The Sn-rich particles are accumulated in the lower region near the board and the Pb-rich particles are found in the upper region below the chip. The separation of the two solders is clearly seen from the distribution of Sn. Since the upper part of the solder bump, 97Pb-3Sn, did not melt during assembly, the joint was made by the molten 37Pb-63Sn solder wrapping around the solid 97Pb-3Sn solder. Indeed the image on the right-hand side in Fig. 3͑a͒ shows a higher Sn concentration on both sides of the joint than that in the middle of the upper part of the joint.
The effect of downward electron flow from chip to substrate for 3 h and 20 h is shown in Figs. 3͑b͒ and 3͑c͒ , respectively. After 3 h of current stressing, a homogeneous and uniform distribution of Sn element was obtained, but the shape and thickness of IMC layer did not change noticeably as compared to the initial state before current stressing. After 20 h, the void and the thickened interfacial microstructure of the Cu UBM/solder interface at the chip side were observed. Much more Sn is observed in the contact area in the image on the right-hand side in Fig. 3͑c͒ . The average composition of the solder bump was measured to be 83Pb-17Sn ͑wt %͒ by EDX using area detection mode.
For comparison, the effect of upward electron flow from substrate to chip after 20 h is shown in Fig. 3͑d͒ . The distribution of Sn extended upward, but not to the top, and it has accumulated in the cathode side ͑the substrate side͒ as compared to the case before current stressing shown in Fig. 3͑a͒ . The above results were in agreement with the previous work on electromigration in eutectic PbSn solder at high temperatures above 110°C. 10, 11 They reported that Pb is the dominant diffusing species at the high temperature and migrates to the anode. In other words, Pb moves to the anode at the chip side in our case of upward electron flow, and it moves to the anode at the substrate side in our case of downward electron flow.
Figures 4͑a͒-4͑e͒ show, respectively, the enlarged view of Cu UBM/solder bump interface at the chip side before and after current stressing for 3, 12, 18, and 20 h. The direction of electron flow is from left-hand side of the solder bump as indicated by the large white arrows. Figure 4 shows the sequential change of solder bump composition, formation of IMCs, and catastrophic failure at the cathode side in the case of downward electron flow, from chip to substrate. In Fig.  4͑a͒ , the high-Pb solder showed the bright phase in the back scattered-SEM image and the layer-type TiW, Cu, and IMC were observed. The very thin and bright layer above the Cu is TiW. The IMC was identified as Cu 3 Sn by EDX. The Cu UBM reacted with Sn in the 97Pb-3Sn solder, forming a layer-type Cu 3 Sn phase at the high reflow temperature of 380°C, which is expected from the ternary phase diagram of Sn-Pb-Cu at 380°C ͑Ref. 12͒ and is consistent with the finding of Grivas et al. 13 After 3 h of current stressing, as shown in Fig. 4͑b͒ , IMC was formed at the left-hand side corner of the contact window and many Sn-rich gray particles were observed in the matrix of the solder bump. According to EDX, the formed IMC was identified as Cu 6 Sn 5 . The thickness and the size of Cu 6 Sn 5 IMCs increase with the stressing time, accompanying the consumption of the Cu UBM and void formation in Cu 6 Sn 5 , as shown in Fig. 4͑c͒ . Actually, there is no more Cu at the left-hand side corner of the contact in Fig. 4͑c͒ . After 18 h, as shown in Fig. 4͑d͒ , both solder and voids have penetrated into Cu 6 Sn 5 and reached TiW. After 20 h of current stressing, a large void is formed at the upper-left corner of the solder bump, see Fig.  4͑e͒ . 9 There is no Cu 3 Sn in the neighborhood of the void. Fig. 4͑e͒ , which is near the right-hand side corner of the contact. Since a low current density flowed through this corner, the effect of electromigration is much less than that in the left-hand side corner. The change of atomic ratio between Cu and Sn in the layers indicated that the layered structure consists of Cu, Cu 3 Sn, and Cu 6 Sn 5 . Figure 3 showed that Pb diffuses faster than Sn during electromigration at the high temperature. However, interdiffusion is another factor that should be considered because the solder bumps consist of a combination of 97Pb-3Sn and 37Pb-63Sn, so there exists a compositional gradient in the solder bump.
B. Thermal annealing of the composite solder joint
14 To provide a reference for the microstructure evolution caused by thermal annealing alone, solder bumps that had no current stressing but experienced the same temperature profile at 155°C for 3 h and 20 h are shown in Fig.  6 . The compositional distribution of Sn in the composite solder had not changed after 3 h of thermal aging, Fig. 6͑a͒ , when it is compared with the initial state as shown in Fig.  2͑a͒ . However, after 20 h of thermal aging, the dark color particles in the lower region disappeared for both solder bumps shown in Fig. 6͑b͒ . It means that intermixing occurred by the chemical potential between 97Pb-3Sn and 37Pb-63Sn during thermal aging. The composition was about 90Pb-10Sn ͑wt %͒ in the upper middle part of solder bump. This Sn composition is below the value of 12.3 wt %, which is the solubility limit of Sn in Pb at 155°C. 15 We have estimated that the volume of the high-Pb and the eutectic solder is about 1086ϫ10 3 and 349ϫ10 3 (m) 3 , respectively. If we ignore the loss of Sn due to IMC formation, the composition of fully mixed solder bump is expected to be 84Pb-16Sn ͑wt %͒ by calculation. The flux of Sn atoms driven by the compositional gradient of Sn, as shown in Fig.  6͑b͒ , is small as compared with that driven by electromigration and compositional gradient, as shown in Fig. 3͑c͒ .
A set of the magnified micrographs and the elemental WDS maps of the solder bumps in Fig. 6 are shown in Fig. 7 . The Sn-rich particles are accumulated in the lower region near the board after 3 h of thermal aging as shown in Fig.  7͑a͒ , yet a mixed distribution of Sn element is observed after 20 h of thermal aging as shown in Fig. 7͑b͒ . The distribution in Fig. 7͑b͒ is similar to that of the solder bump after 3 h of electromigration in the downward electron flow from chip to substrate, which is shown in the right-hand side bump in Fig.  3͑b͒ . A comparison of Figs. 3 and 7 indicates that the interdiffusion observed in Fig. 3 was primarily the result of electromigration. The downward atomic flow of Pb of interdiffusion is accelerated in electromigration while the upward atomic flow of Sn in interdiffusion is counterbalanced by the electromigrational flux. This is because the flux of Sn atoms diffusing from the substrate to chip, driven by the compositional gradient of Sn, is against electromigration. On the other hand, Pb atoms are the dominant moving species in electromigration at the test temperature and they are driven in the same direction as the composition gradient of Pb.
In addition, it is interesting to note that no Cu 6 Sn 5 IMC formation was found after 20 h of thermal aging even if the Sn concentration near the UBM has increased up to 10 wt %. Therefore, the formation of Cu 6 Sn 5 after 3 h of current stressing, as shown in Fig. 4͑b͒ , indicates that some Cu diffused across the Cu 3 Sn during the current stressing or the latter began to decompose in order to form the Cu 6 Sn 5 .
IV. DISCUSSION
In Figs. 8͑a͒ and 8͑b͒ , the geometry and the simulation of current distribution of the upper-left-hand side quarter of a solder bump and UBM are given, respectively. Due to the limitation of our program and the complicated UBM structure, we can only simulate a quarter of the solder joint structure. Nevertheless, the current crowding effect is clear in Fig.  8͑b͒ . The current density of 1.12ϫ10 6 A/cm 2 in the Al line is obtained by dividing 0.5 A by its cross section. Entering the contact window, the current density in the Cu UBM is about 4.5ϫ10 5 A/cm 2 , which is much higher than the calculated average value of 2.55ϫ10 4 A/cm 2 . The current crowding has spread about 1 m wide and 2 m deep into the Cu. The spreading is partly due to the high resistive thin layer of TiW. The subsequent formation of Cu 3 Sn and Cu 6 Sn 5 may have altered the current distribution to some extent, but they do not change the overall picture of current crowding. The peak current density is much higher than the average current density inside the solder bump and it can accelerate the IMC and void formation. 16 As shown in Fig. 4 , the Cu 6 Sn 5 IMC and void were first initiated from the left-hand side corner of the contact window which matches the current crowding region. The Cu 6 Sn 5 grows at the expense of Cu 3 Sn and Cu. The void seems to form at the interface between Cu 6 Sn 5 and solder, and to expand into Cu 6 Sn 5 with time, and as more of the Cu UBM was consumed, then finally a big void was formed between the TiW and Cu 6 Sn 5 , as shown in Fig. 4͑e͒ .
Although the current density of 4.5ϫ10 5 A/cm 2 is quite high in Cu, the lattice diffusivity of Cu at 155°C is so slow that very little electromigration can occur in the Cu, except maybe a little bit of electromigration along the grain boundaries. Therefore, the consumption of Cu is most likely due to the chemical reaction at the interface between Cu and Cu 3 Sn and also between Cu 3 Sn and Cu 6 Sn 5 . The advancing of these two interfaces toward Cu lead to the consumption of the Cu first and followed by the consumption of Cu 3 Sn to form Cu 6 Sn 5 . At the end, electromigration in Cu 6 Sn 5 induces void formation at the TiW interface. Because no reaction occurs between TiW and Cu or Sn, there is no electromigration in TiW so its interface serves as an atomic flux divergence plane and enables the accumulation of vacancies to reach supersaturation, so void nucleation and growth can occur.
A possible mechanism for Cu UBM consumption and void formation, which induced failure in the downward electron bump, is illustrated in Fig. 9 . As shown in Fig. 9͑a͒ , the solder joint was formed by the 37Pb-3Sn solder wrapped around the 97Pb-3Sn solder, and only Cu 3 Sn IMC exists at the cathode before current stressing. During electromigration, Pb atoms moved with the electrons to the anode and Sn atoms were displaced back toward the cathode. Therefore, a homogeneous and uniform distribution of Sn and Pb atoms was obtained, as illustrated in Fig. 9͑b͒ . A combination of the increase of Sn concentration toward the cathode on the one hand, and the current crowding which drives Cu from the upper left-hand side corner toward the anode on the other hand, has resulted in the formation of Cu 6 Sn 5 between Cu 3 Sn and solder at the upper left-hand side corner. Electromigration accelerates the consumption of Cu UBM to form the Cu 3 Sn and Cu 6 Sn 5 IMC, as shown in Fig. 9͑c͒ . It is known that in bimetallic thin films of Cu and Sn, they react to form Cu 6 Sn 5 at room temperature and Cu 3 Sn above 60°C, 17 and Cu is the dominant diffusion species. 18 Therefore, in electromigration, it is no surprise to find the formation of Cu 6 Sn 5 at 155°C in our study.
However, from the point of view of atomic flux divergence, since the atomic diffusivity in Cu 3 Sn and Cu 6 Sn 5 is much slower than that in the solder, we expect void formation to occur in between the Cu 6 Sn 5 and the solder in Fig.  9͑c͒ , not between the TiW and Cu 3 Sn or Cu 6 Sn 5 in Fig. 9͑d͒ . Clearly, this is due to the fact that the peak of current crowding occurs just below the TiW and it has greatly enhanced the transformation of Cu to Cu 3 Sn and to Cu 6 Sn 5 , and finally the dissolution of Cu 6 Sn 5 into the solder. Those vacancies that mediated the diffusion of Cu in Cu 6 Sn 5 have condensed at the TiW interface and led to the void formation, as depicted in Fig. 9͑d͒ . On the basis of this mechanism, it seems that in the composite solder joint, even a thick Cu UBM has very low resistance to electromigration. It is possible that the test condition of 0.5 A at 155°C is too severe, since the design rule of electronic packaging at the moment is 0.2 A/bump. Nevertheless, the industry is moving soon to 0.4 A/bump.
V. CONCLUSION
We have suggested a possible mechanism of electromigration-induced failure in a composite solder joint consisting of 97Pb-3Sn on the chip side and 37Pb-63Sn on the substrate side by sequential observation during current stressing. In this composite solder joint, Cu UBM consumption at the cathode which is the top of the solder bump in a downward electron flow ͑from chip to substrate͒-induced failure. The increase of Sn concentration driven by electromigration and the current crowding inside the Cu UBM leads to the formation of Cu 6 Sn 5 IMC phase at the cathode. The growth of Cu 6 Sn 5 IMCs has caused a fast consumption of Cu UBM and the accompanying void formation has induced the failure. The Cu 6 Sn 5 IMC and void were first initiated from the upper left-hand side corner of the contact window which matches the current crowding region. We confirmed the current crowding inside the Cu UBM by the simulation of current distribution.
